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INTRODUCTION 

The overall objective of this project is to develop novel therapeutic approaches to breast cancer 

by defining the requirements for successful induction of anti-tumor responses using novel 

unmunogens that induce high avidity (hi-av) CTL. Hi-av CTL can overcome the limitations in 

mediating tumor recognition that are encountered with the currently available low avidity (lo-av) 

CTL, which are induced by vaccination with specific epitopes of wild-type (w.t.) sequence, 

delivered as peptides, protein fragments. DNA or RNA. Recently, we developed a novel class of 

inmiunogens that can activate HER-2 reactive CTL to recognize the w.t. Ag at a 200-fold lower 

concentration than vaccine-induced CTL. Their development was based on the hypothesis that 

an increase in the capability of Ag to form hydrophobic bonds (van der Waals), which stabilize 

the interacting interfaces should increase their avidity for TCR, leading to full activation 

compared with weak partial activation by the w.t. Ag, This was achieved by hydrophobic 

aliphatic side chain extension of the alanine 7 residue of the immunodominant HER-2 CTL 

epitope E75 (369-377) using linear incremental additions of CH2 (methylene) groups from rare 

amino acids. These compounds are designated as hydrophobic appendage bearing (HAB) Ag. 

Their immunogenicity is proportional to the increase in the CH2 side chain length, raising die 

possibility that the CH2 chain increases signaling by TCR at the Ag-MHC interaction. 

We developed a novel approach to address these questions. This is based on the hypotheses that; 

(a) introduction of the smallest possible changes in the length of the side chain (i.e., methylene, 

CH2) groups incrementally can have a cumulative effect in increasing he avidity of interaction 

with TCR by forming hydrophobic bonds; (b) CH2 will not form strong bonds (electrostatic, H- 

bonds), thus they will be more amenable to induce subtle changes; (c) since TCR has two chains 

and each reacts with a part of the Ag, progression of these CTL through the stages 1-4. 



BODY 

During the preliminary phase of the studies supported by this grant, we developed a novel 

approach for identifying the orientation of the side chains of the CTL epitopes. We modeled the 

peptide MHC-I structure of the CTL epitope E75 using the pMHC-1 structure of another peptide 

as a "search model". This first required a search for identification of a peptide which shows the 

highest structural similarity with E75. As described in the attached manuscript, the HTLV-Tax-1 

peptide showed the highest structural similarity to E75. The modeling of the E75-HLA-A2 was 

initially performed by Mr. Clay Efferson in this laboratory and then by Dr. Ing Maria G. 

loannides. While both Mr. Efferson and Dr. loannides could generate model and approximately 

define the orientation of the side chains, the software available in our laboratory was limited. To 

speed up the process, we asked for help from Drs. Martin Cheever and Kenneth Grabstein who 

recommended a distinguished ciystallographer, Dr. Darrick Carter. Dr. Carter collaborated with 

us and generated the energy-minimized /best-fit models of E75-HLA-A2 which are presented in 

the attached manuscript. 

The first models were generated widi focus on the central Serine 5 (Ser 5) of the epitope. The 

models show that the OH group of the Ser 5 points upward toward the TCR. Removal of the OH 

group leads to variants which will interact with TCR stronger or weaker. The rationale of this 

hypothesis is that removal of the OH group will either enhance the interaction with TCR or will 

weaken the interaction with TCR. In the first case the interaction pMHC: TCR will be 

strengthened by hydrophobic interactions between the methylene group, in the second case the 

interaction will be strengthened by the interaction widi TCR of the OH group. The results in the 

attached manuscript show that removal of hydroxyl and induction of hydrophobic interactions 

increased the stimulatory ability of pMHC-1 complexes. Based on the same rationale, extension 

of the side chain with a charged group will result in an even weaker agonist than the nominal Ag. 

The results show that activation of human tumor-reactive CTL by weaker agonists than the 

nominal Ag, followed by expansion with nominal Ag is a novel approach to antimmor CTL 

development. Fine tuning of activation of tumor reactive CTL by weak agonists, designed by 

molecular modeling, may circumvent cell death or tolerization induced by mmor Ag, and thus, 



may provide a novel approach to the rational design of human cancer vaccines. These studies 

demonstrated that molecular modeling is a powerful and reliable approach for generation of Ag- 

variants of higher or lower stimulatory abihty than the wild-type Ag. (Please see attached 

Gallery Proofs of the J. Immunol paper. Figure 1 in the paper and the attached prints (Fig. lA- 

D). 

Based on the completion of die studies above, we extended our investigations to the analysis of 

the positioning of the side chains in the epitope in residues where changes in polarity were not 

needed- We focused on Alanine 7 (Ala7).   The Ala? model (Fig lA) shows that the CH3 group 

of Ala? points side ways. Therefore, we investigated approaches to extend and redirect the side 

chain upward, toward the TCR. The model with isoleucine 7 (lie?) replacing Ala shows that a 

part of the branched side chain of He? points sideways but the smaller branch of the side chain 

does not (Fig. 2A,B). All the substitutions of Ala 7 with unnatural amino acids (valine, leucine) 

have the same problem. 

For these reasons, we decided to break with the tradition and to use unnatural amino acids as 

replacements for Ala?. The unnatural amino acids y-amino butyric, Norvaline and Norleucine 

have linear side chains. When the Ala 7 was replaced with these unnatural amino acids, the 

models showed a completely different picture (Fig. 3). the extension of the C-side chain with 

CH2 groups lead to gradual upwards orientation of the side chain, which was higher for the 

NLeu substituted E?5. The enlarged area of interest is presented in Figures 4A,B,C,D. 

E7S with Ala? substituted with NLeu binds to a significantly higher number of T cells than 

the wild-type epitope. 

To address whether these variants bind T cells we used the newly available HLA-Ig technology. 

The HLA-A2 dimer can be loaded with variable amounts of peptides and can be used to prepare 

various pMHC-complexes in the same experiment. We generated dimers loaded with E75 (wild- 

type) = dE?5 and dimers loaded with the NLeu variant (A7.3). Of note, when peptides are 

synthesized by the synthetic antigen laboratory they are assigned numbers which differ from our 



scientific designations, These coded numbers are then used in the laboratory to avoid confusion. 

This A7.3 is listed jn Figure 3 as K51, A7.2 is listed as K50 and A7.1 is listed as K52. 

This test was performed with freshly isolated on ovarian tumor associated dE75 lymphocytes. 

These lymphocytes accumulate in the abdominal cavity, but are unreactive to the tumor. The 

results in Figure S show that dK5l bound a significantly higher number of T cells than dE75. 

There is a seven fold increase in the number of cells than by bound by E75 dimers. 

Stimulation with CH2-E75-induced high levels oflFN-yin weak E75-responding donors. 

To establish the ability of CH2-E75 variants to activate T-cells we determined the ability of 

A7.1, A7.2 and A7.3 to induce IFN-YLQ PBMC of two healthy donors, known to develop a weak 

response to E75 even in the presence of IL-12 (not shown). Each of the A7.1, A7.2, and A7.3- 

induced higher levels of IFN-ythan E75 in both donors tested. These results suggested that either 

CH2-E75 stimulations activated a larger number of E75-TCR* cells than E75, or that CH2-E75 is 

a stronger inducer of IFN-y that E7S. 

To address this question, Donor 1 PBMC were labeled widi CFSE and stimulated in parallel with 

autologous DC pulsed with A7.2 and E75 or as control with DC which were not pulsed with 

peptide (DC-NP). Figure 6 shows that, in each division, tfie number of E75* TCR, WH-f cells 

was significantly higher in the cultures Stimulated with DC-A7.2 than in the cultures stimulated 

with DC-E75. The increase was higher in the cells which underwent three and four divisions 

compared witti cells that either did not divided or divided only one or two times. Figure 7A also 

show that after five divisions (E-H) cells stimulated widi DC-A7.2 stained stronger with OIFN-Y 

mAb (NP=53.9, E75=160.00, K51=224.3) suggesting that they also produced higher levels of 

EFN-y. The same pattern of responses was observed during division 5 (Fig. 7B). (MCF: 

NP=56.4, E75=137.5. A7.2=198.9) Thus A7.2-induced both a larger number of T-cells to divide 

faster than E75 and also higher levels of IFN-y from each cell. 

This work is ongoing. An abstract reporting ongoing work has been submitted to the annual 

meeting of the Society of Biological Therapy. 



REPORTABLE OUTCOMES 

1. Characterization of the structure of the peptide bound to HLA-A2 by computer-assisted 

modeling allows for the first time engineering of the tumor Ag in a rational fashion. 

2. The use of unnatural amino acids for construction of tumor Ag allows a controllable 

approach to immunomodulation using modifications of the van der Waals forces. 

3. Development of HAB-variants using CH2 (methylene) appendage as building bricks allowed 

development of more potent agonists than the tumor Ag. One of these variants Ala7-» 

Norleucine reacts with a seven fold larger number of T-cells than the wild-type tumor Ag. 

4. A first invention disclosure and patent application based on these results has been submitted. 



CONCLUSION 

1. Molecular modeling of the peptide MHC complex allows identification of the positioning of 

the side chains and induction of changes in the positioning of the side chains 

2. This approach bypasses, at least in part, the requirement for isolation of peptide MHC-l 
crystals. 

3. Generation of Ag-variants based on C-side chains modification allow modulation of the 

immunogenicity of the tumor Ag. 

4. Priming with weak agonists followed by stimulation with strong agonists is a novel approach 

to induce, expand, and increase survival of tumor-reactive CTL. 

5. Hydrophobic appendage of the C-side chain with CH2 groups leads to variants with modified 

positions of the C-side chain. This allows binding of more T cells than the wild-type epitope. 

6. Unnatural amino acids can be used to generate tumor Ag-varianis. 



Figure Legends 

Figure 1, Molecular modeling of the C-side chain variants of the CTL epitope E75. 
(Details in the Legend to the Figure 1, attached manuscript. J. Immunol., in press). 

Figure 2. Molecular modeling of the CTL epitope E75 with Ala side chain pointing 
sideways (Fig. 2A) and its substituted variant De7 (Fig. 2B). Please note that 113 7 side chain 
lifts very little towards the TCR. ^ 

Figure 3.        Molecular modeling of the CTL epitope E7S (A) and of its hydrophobically 
appended variants; (B) K50 Ala->NVal, (C) K51: Ala7-^NLeu, and (D) Ala7->Y-amino 
butyric. Note the upwards orientation of the NLeu side chain. 

Figure 4,        Enlarged areas of interest of E75 with (A) AIa7, (B) y-aminobutyric, (c) 
Norvaline, (D) Norleucine; 

Figure 5. Dimer analysis of £75^ and K5 r cells from ovarian tumor associated 
lymphocytes (TAL). Control = dNP, OVA-TAL incubated with HLA-A2: IgG dimers not 
pulsed with peptide; dE75, OVA-TAL isolated with HLA-A2: IgG dimers pulsed with K51. 

Figure 6. Percentage of E75 specific IFN-y secreting cells from PBMC of a healthy donor 
stimulated with peptides E75 and K51 in dividing cells corresponding to each cycle of division. 
PBMC were stimulated with K51 but expression of E75^ cells and not of KST cells was 
determined using the same dE75 for both populations. Responding cells were labeled with 
carloxy fluorescence-diacetate (CFSD). 

Figure 7.        Dividing cells stimulated with E7S and K51 were gated on the CFSE peak 
corresponding to division four (7A) and five (7B). Since CFSE labels cells with green 
fluorescence, cells were stained with HLA-A2:IgG divers labeled with read and with anti-IFN-y 
mAb labeled with blue (APC). The gated populations were analyzed for expr4ession of E75* + 
IFN-Y cells. E75* IFN-y cells are shown in he upper right quadrant (UR). 

10 
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Induction of Tumor-Reactive CTL by C-Side Chain Variants of 
the CTL Epitope HER-2/neu Protooncogene (369-377) Selected by 
Molecular Modeling of the Peptide: HLA-A2 Complex^ 

AQ:A 

AO:I 
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To design side chain variants for modulation of immunogenicity, we modeled the complex of the HLA-A2 molecule with an 
immunodominant peptide, E75, from the HER-2/ncu protooncogene protein recognized by CTL. We identified the side chain 
orientation of E75. We modified £75 at the central Ser' (E75 wild-type), which points upward, by removing successively the HO 
(variant S5A) and the CH2-OH (variant SSG). Replacement of the OH with an aminopropyl (CH2)3-NH3 (variant S5K) main- 
tained a similar upward orientation of the side chain. S5A and SSG were stronger stimulators while SSK was a weaker stimulator 
than E75 for induction of lytic function, indicating that the OH group and its extension hindered TCR activation. S5K-CTL 
survived longer than did CTL induced by E75 and the variants S5A and SSG, which became apoptotic after restimulation with 
the inducer. S5K-CTL also recognized E75 endogenously presented by the tumor by IFN-y production and specific cytolysis. 
SSK-CTL expanded at stimulation with E7S or with E7S plus agonistic anti-Fas mAb. Compared with S5K-CTL that had been 
restimulated with the inducer SSK, SSK-CTL stimulated with wild-type E7S expressed higher levels of E75* TCR and BCL-Z 
Activation of human tumor-reactive CTL by weaker agonists than the nominal Ag, followed by expansion with the nommal Ag, 
is a novel approach to antitumor CTL development. Fine tuning of activation of tumor-reactive CTL by weak agonists, designed 
by molecular modeling, may circumvent cell death or tolerization induced by tumor Ag, and thus, may provide a novel approach 
to the rational design of human cancer vaccines.   The Journal of Immunology, 2002, 169: 0000-0000. 

Induction of tumor-reactive CTL by vaccination is a promis- 
ing approach to cancer therapy. Because tumor Ags are weak 
immunogens, their immunogenicity must be enhanced if the 

vaccine is expected to induce antitumor CTL-effector responses. 
Enhancement of immunogenicity is determined by the ability of 
the modified agonistic tumor Ag to induce higher levels of effector 
responses than does the wild-type epitope itself. The higher sen- 
sitivity of the agonist-induced CTL for the wild-type Ag is illus- 
trated by higher levels of cylokine .secretion and higher levels of 
cytoly.sis at the encounter with the tumor Ag or the mmor itself. 
Strong agonistic immunogens are generally designed by one of 
two general approaches: 1) to modify immunogens so that they 
bind the HLA-A, B, C-presenting molecule with higher affinity 
than their corresponding wild-type counterparts; or 2) to modify 
the TCR contact site so that agonistic variants of the tumor Ag can 
enhance the responses of T cells by their TCR contacts (reviewed 
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in Ref. 1). The first approach has been u.sed successfully for nor- 
mally low-affinity binding HLA-A2 peptides such as MelA, C85, 
and GP2 (2-7). The second approach is currently used for higher 
affinity MHC-I-binding peptides. The rationale of the second ap- 
proach is lo replace residues in the Ag that conuibute less to the 
peptide binding affinity for MHC-I and are less likely to contact the 
TCR with other residues which by their size can create novel con- 
tacts for the TCR (1, 8-9). 

Mutation of naturally occiuring peptides recognized with high 
affinity at their TCR contacting residues usually results in less 
potent ligands (10). Thus, mutation of a CTL epitope can lead to 
a partial agonist or an antagonist. In this regard, one approach for 
producing stronger agonists has been to modify the surface con- 
formation of the MHC molecule by using buried peptide side 
chains (II) or buried phenolic groups (12). This also augmented 
the number of TCR specificities that responded to a single peptide 
determinant (11, 12). A novel approach to change the MHC affinity 
for TCR is to modify only the side chains of the amino acids that 
can contact the TCR. This approach requires identification of such 
side chains and selective use of modifications so as to enhance 
tumor Ag stimulation ability while avoiding CTL death from over- 
stimulation. Because only the wild-type Ag is presented in vivo, a 
central requirement to be fulfilled by side chain modifications of 
the peptide is that the cells that are activated by the variant must 
survive at encounter with the wild-type Ag. This means that die 
wild-type Ag should induce the same or better protection from 
death by apoptosis in CTL that have been induced by the variant 
than the variant itself. 

Modulation of immunogenicity in this way requires identifying 
the peptide-MHC-1 complex (pMHC-1) structure, the side chains 

0022-1767/02/$02.00 
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pointing upwards in the central peptide area, and using as replace- 
ments peptides whose side chains have similar degrees of freedom 
for flexible orientation at the central position so that they differ In 
their biological potency. The pMHC-l structure can be modeled by 
using as a "search model" the crystal structure of another peptide 
that has structural similarities with the pMHC-1 (13, 14). Identi- 
fication of the positioning of the side chains of the residues in the 
central area at amino acid positions 4-7 allows changes to be 
focused in the area that complements the TCR combining site. This 
area was recently identified as the functional "hot spot" that allows 
TCR to finely discriminate among similar ligands (10). A side 
chain in the central area pointing upwards (toward the TCR) can 
achieve more extensive contact with the TCR than others. This 
contact is provided by an increase in van der Waals forces from the 
hydrophobic side chains, or by an increase/decrease in hydrogen 
bonds by OH groups, or by an increase/decrease in charged inter- 
actions. Whether the side chain extension correlates with increased 

immunogenicity remains unknown. 
To address these questions, we examined the binding of the 

HER-2/neu protooncogene (HER-2), CTL epitope E75 (369-377) 
to HLA-A2 at the atomic level. Molecular models of the E75- 
HLA-A2 complex indicated that the .side chain of the central Ser* 
(S373) points upward. Thus, the OH group can either enhance 
binding at the TCR via a hydrogen bond, or sterically hinder the 
interaction with the TCR by decreasing the affinity of the TCR for 
the pMHC-I. If the first hypothesis is true, then removal of the OH 
group should decrease the affinity of binding by the TCR and de- 
crease signaling, hence variants in which the cenu-al Ser is replaced 
by Ala or Gly should be less immunogenic than wild-type E75. If 
the second hypothesis is mie, then Ala/Gly variants should be 
more immunogenic than the wild-type E75. To address the re- 
quirement that variant-induced CTLs survive their encounter with 
the wild-type Ag, we created another variant reasoning that stim- 
ulation with that variant should protect responding cells from death 
by overslimulation. This variant should stimulate some of the ef- 
fector functions weaker than E75, and E75 should activate the 
variant-induced effectors.^The only alternatives that would not dis- 
turb the peptide bond were positively and negatively charged side 
chains.-Because the negatively charged amino acids Glu and Asp 
have bulky carboxyl groups, we replaced Ser' with the positively 
charged Lys' (variant S5K). The aminopropyl group of Lys ex- 
tends farther and has a greater flexibility than the acetyl group of 

the Glu. 
Priming with variants S5A and S5G enhanced the induction of 

IFN-7 and E75-specilic cytolysis of CTL from two donors known 
to respond to E75, but the responders died faster than did the cells 
that had been stimulated by E75. In contrast, variant S5K induced 
higher levels of IFN-7, but not of CTL activity against E75 than 
the E75-induced CTL (E75-CTL). In a "weak responder" to E75, 
S5K-induced CTL (S5K-CTL) recognized E75 with lower affinity 
than did E75-induced CTL. S5K-CTL survived longer than the 
E75-CTL, which became apoptotic at restimulation with E75. Of 
interest, restimulation with E75 resulted in better protection from 
apoptosis in the S5K-CTL than did restimulation with S5K.,This 
protection was paralleled by higher BCI-XL to Bad ratios and higher 
Bcl-2 levels than the ones induced by S5K. Thus, the side chain 
variants that were less activating than the wild-type Ag induced 
.specific CTL for the E75 expressed on tumors. Such CTL were 
then expanded by E75, indicating that the nominal Ag or stronger 
agonistic variants can use priming with weak agonists to bypass 

induction of apoptosis. 

Materials and Methods 
Celts, Abs, and cytokines 

HLA-A2* and PBMC were obtained from completely HLA-typed healthy 
volunteers. T2 cells, ovarian SK0V3, SKOV3.A2 cells, and indicator tu- 
mors from ovarian ascltes were described (15-17). mAb to CD3, CD4, 
CDS (Ortho Diagno.stics, Ranlory, NJ). CD13 and CD14 (Caltag Labora- 
tories, San Francisco, CA), and HLA-A2 (clone BB7.2; American Type 
Culture Collection, Manassas, VA) were either unconjugated or conjugated 
with FJTC or PE. Ag expression by dendritic cells (DCs)^ and T cells wa-s 
delermined by FACS analysis using a flow cytomeler (EPICS-Profile An- 
alyzer; Coulter Electronics, Hialeah, PL). GM-CSF of specific activity 
(1.25 X 10' CFll/250 mg) was from Immunex, Seattle, WA; TNF-a of 
specific activity (2.5 X 10' U/mg) was from Cetus (Emeryville, CA); IL-4 
of specific activity (5 X lO' lU/mg) was from Biosource International 
(Camarillo, CA); IL-2 of specific activity (18 X 10* lU/mg) was from 
Ccws; IL-12 of specific activity (5 X 10* U/mg) was a kind gift fi-om Dr. 
S. Wolf (Department of Immunology, Genetics Institute, Cambridge, MA). 
The anti-human-Fas mAb CHI 1 was purchased from Upstate Biotechnol- 
ogy (Lake Placid, NY). mAb to actin. Bcl-2, BC1-XL, and Bad were pur- 
chased from Sania Cruz Biotechnology (Santa Cruz, CA). AH other spe- 
cific mAb and isotypc controls were obtained from BD PharMingcn (San 
Diego, CA). 

Synthetic peptides 

Peptides used were E75 (HER-2: 369-377) and its mutated analogs (Table 
I). To facilitate presentation, E75 variants mutated at Ser^ are abbreviated 
based on the position and the substitution. For example, the variant in 
which serine was replaced by alanine is SSA; the variant in which serine 
was replaced with glycine is S5G. A7.3 in which the alanine side chain was 
extended with two methylene groups was obtained by replacement of Ala 
with Norleucine (linear side chain). F8-1 was obtained by replacing of Phe" 
with isophenylalanine (1 CH2) deletion. All peptides were prepared by the 
Synflietic Antigen laboratory of M. D. Anderson Cancer Center (Houston, 
TX) and purified by HPLC. The purity of the peptides ranged from 95- 
97%. Peptides were dissolved in PBS and .stored frozen at -20°C in ali- 
quots of 2 mg/ml. 

Molecular modeling of the peptide: HLA-A2 complex 

The coordinates of the native HLA-A2 strucWre (14, 18, 19) were down- 
loaded from the Brookhaven protein database (ID number: 3HLA). This 
file was used as a template for manipulations with the Swiss Model (20) 
program available through the Expasy web site. The Tax peptide bound to 
the HLA-A2 (21) was mutated manually to yield the bound E75 peptide 
and the Ala**', Gly', and Lys' variants. Each new structure was submitted 
for energy minimization with the GROMOS96 implementation of the 
Swiss-PdbViewer. Solvent-accessible surface area was calculated with the 
GETAREAl.l online program with the default probe radius, set at 1.4 A. 

T cell stimulation by peptide-pulsed DC 

DCs generated from peripheral blood were plated at L2 X lO' cell/well in 
24-well culture plates and pulsed with peptides at SO /tg/ml in serum-free 
medium for 2 h before the addition of responders, as described (15, 16). 
E7S-induced and S5K-induced CTL lines were maintained by periodic 
stimulation with peptide pulsed on DCs, followed by expansion in die 
presence of irradiated feeder cells and PHA. The number of cells express- 
ing a TCR that was specific for HLA-A2 bound to the E75 peptide (E75- 
TCR* cells) was performed using E75 dimeis (dE75) prepared as de- 
scribed in the manufacturer's instructions. Empty HLA-A2:lgG dimers 
were obtained from BD Pharmingen. Control without peptide dimers not 
pulsed with pcpiide (NP) were prepared in parallel and tested in the same 
experiment. Positive control influenza matrix peptide Ml (58-66) dimeis 
(dM 1) were prepared simultaneously and used in the same experiment. For 
analysis, cells were incubated in parallel with dNP, and dE75 followed by 
PE-conjugated anti-mouse IgGl. Intracellular expression of Bcl-2 was de- 
termined, following manufacturer's instructions using FITC-conjugated 
Bcl-2, Ab, and a matched HTC-conjugated isot)'pe control. 

CTL and cytokine assays 

Recognition by CTL of peptides used as immunogens was performed as 
described (17). Recognition of E75 and of its variants was considered 
.specific when die percent specific lysis of T2 cells pulsed with E75 minus 

' Ablircviaiions used in this paper: pMHC-1, pepUdc-MHC-1 complex; HER-2, HER- 
2/neu protooncogene; DC. dendritic cell; NP, not pulsed with peptide; FW, forward 
scaucr; d, dinicr. 
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Table I.   HLA-A2 binding stability by E75 and its variant^ 

Binding Ligalion' 
Code            Sequence Stability Strength Change 

E75   KIFGSLAFL 482 28 Wild type 
KIG GIFGSLAFL 138 28 Positive charge-Mieutra) 
S5A  KIFGALAFL 482 28 OH-»nonpolar aliphatic 
S5G  KIFGGLAFL 483 30 OH-»neutral 
S5K   KIFGKLAFL 482 29 OH-»positive cliarge 
F8K  KIFSGSLAKL 88 30 Aromatic to (+) 

charged 
F8Y  KIFGSLAYL 482 28 OH in aromatic residue 
F8D  KIFGSLADL 236 28 Aromatic to (-) 

charged 
A7.3 KIFGSL(NLeu)FL nd' nd 2 CH2 extension of 

Ala' 
F8-I KIFGSLA (lso-Phe)L nd nd 1 CH2 deletion of Phe" 

" The binding stability is an cstimtile of half time of dissociation (in minutes) from 
HLA-A2 of pcptidcs of the sequence listed above. The theoretical half-life of disso- 
ciation was calculated using Parker's algorithm (27) available at htip://binias.dcrt.ig. 
gov/molbiol/hla-bind. 

^ The ligation strength was calculated using the SYFPEITHI program (28). The 
experimentally determined mean channel Ouorcsccncc values for HLA-A2 expression 
on T2 cells after incubation with pcptidcs and staining with MA.2.1 mAb were: NP = 
90, E75 = 305, S.'iG = 295. S5A = 290, S5K = 285, KIG = 240, and F8Y = 305. 

*■ nd, not done. 

the SD was higher by at least 5% than the percentage of specific lysis of T2 
cells that had been pulsed with peptidc plus the SD, as de.scribcd (22). A 
significant increase/decrease in CTL activity was defined as an increase/ 
decrease of >20% in the lysis of T2 cells pulsed with peptide by variant- 
induced CTL compared with wild-type E75-indueed CTL. Similarly, a sig- 
nificant increase in IFN-y induction was defined as an increase of >20% 
in IFN-7 levels after stimulation with the variant vs after stimulation with 
the wild-type E75. The 20% value was chosen as a cut-off for significant 
incrca.se based on the assumption that if a 2-fold incrca.se of the minimum 
5% increa.se (defined above) is 10%, then an increase >J0% should be 
significant if it equals at least 20%. Equal numbers of viable effectors were 
used in all assays. IL-2, IL-4, and IFN-7 were detected using cytokine 
ELISA kits (Biosource International or R&D Systems, Minneapolis, MN) 
with a sensitivity of 4-7 pg/ml (15). 

Apoptosis assays 

E75- and S5K-CTL lines were activated by autologous DCs pulsed with 
various concentrations of E75 or S5K in the presence or absence of 100 
/ig/ml of CHI 1. For anti-CD3-mcdiated apoptosis, 0KT3 mAb was ab- 
sorbed on wells of 96-well plates overnight before addition of lymphocytes 
(23). For day 1 apopto.<:is as.says, JL-2 was not added to the cultures. For 
day 4 apoptosis assays, IL-2 (300 lU/ml) was added to the cultures at 24 
and 72 h after stimulation with DC-pulsed pcptidcs. Detection of Fa-s- 
mcdiatcd apoptosis was performed in the presence or absence of the ago- 
nistic mAb CHll (anti-Fas mAb) as de-scribed (23). Cells were labeled by 
incubation in PBS containing 0.1% Triton X-IOO and 50 ix^ltri propidium 
iodide, and the DNA content was determined by using flow cytometry. 

Western aimtysis 

A total of 2 X 10' S5K-CD8* cells were stimulated for 96 h with E75, 
S5K, A7.3, or F8-1 peptides pulsed on DCs at a final concentfation of 25 
^g/ml. Additional controls included cells that were stimulated with T2 that 
had not been pulsed with pepiide, or S5K cells that were not stimulated or 
cells that were stimulated with PHA. A total of 20 ng of protein from 
supemalants from 10,000 g of postnuclear detergent lysates were separated 
on a 12% SDS-PAGE gel and immunoblotted as described (24). Mem- 
branes were probed with monoclonal anti-actin, anti-Bcl-2 (1:500), anti- 
Bad (1:500), or anti-Bcl-XL (1:500) in 1% BSA-TBS containing 0.1% 
Tween 20 for 2 h at 25°C, and probed with peroxidase-linked sheep anti- 
mouse Ig (1:1000) in 1% BSA-TBS containing 0.1% Tween 20. Immuno- 
reactive bands were detected by ECX as described (24). 

Results 
Generation of El5 variants directed by molecular modeling 

The rationale for this approach was lo identify amino acids in E75 
permissive to replacement that would be substituted without abol- 

/ ishing the objects of the variant peptide to induce CTL responses. 
{    Substitutions in side chains that maintain the overall conformation 
I    of the peptide backbone In the HLA-2 are more likely to lead to 
1   cross-reactive Ag for wild-type Ag-specific CTL than are substi- 
I   lutions that change the peptide backbone conformation. We mod- 
l  eled the E75-HLA-A2 complex by replacing the human T cell 
V leukemia virus-1 peptide Tax with E75. The Tax peptide (25, 26) AQ:B 

shows the highest structural similarity with E7S of the models 
available in the databases. The Tax sequence LLFGYPVYV is sim- 
ilar to that of ^15:KIFC SL AFL with respect to the position of 
aromatic residues in P3 and P8 and the aliphatic side chain exten- 
sions in the first four and the last three amino acids (only Kl and 
F8 differ by an NH3 and an OH group extension).jThe major dif- 
ferences rest in the central area P5 P6:YP vs SL. One Tax analog, 
P6A, .shows even more similarity with E75 YA vs SL, with Ala 
and Leu differing only in the propyl side chain.jThis comparison 
allowed identification of the side chains that point upwards or side- 
ways and will be more likely to contact TCR. The results show that 
the side chains of Lys', Sen', and Phe* point out of the binding 
pocket of the MHC (Fig. \A). The side chains of Phe', Leu*, and n 
Ala^ point toward the helical "walls" of the pocket (Fig. I/l). The 
models of the TCR-pMHC-1 (HLA-A2) interaction predict that of 
the side chains pointing away from the MHC, Ser', Leu*, and Ala'' 
are most likely to contact the CDR3 (Va + V^) region. We fo- 
cused on Ser^ because the change induced by the removal of the 
hydroxyl group was likely to have the strongest effects. 

Ser was substituted with Ala, Gly, and Lys. These substitutions 
removed an HO-group (Ala), a HO-CH2-group (Gly), or replaced 
the OH group with the aminopropyl (CH2-CH2-CH2-NH3) group. 
The position of the OH suggests that it is less involved in inter- 
actions with the HLA-A2 (Fig. M). No significant changes of the 
MHC molecule were necessary to accommodate these modifica- 
tions (Fig. 1, B-D). Set' is preceded by Gly'', which because it 
does not have a side chain, is very flexible and may allow small 
accommodations in the model. The positions of Phe' and Lys' that 
precede the Ser' seem to be unchanged among the four models. 
These results indicate that Ser' is in a good strucniral position to allow 
side chain replacements in the antigenic peptide that can modify its 
interactions with TCR. S5A, S5G, and S5K bound to HLA-A2 wifli 
similar affinity as did E75 (Table I). In T2-stabilization assays, S5A, 
S5G, and S5K showed similar stabilizing ability for HLA-A2 as 
determined with mAb MA2.1 (Table I, legend), and similar scores for 
limes of dissociation and ligation strengths (Table I) with those of E75 
as determined using the HLA-peptide binding prediction (27) and 
SVFPEITHl programs (28). 

Increased IFN-y-inducing and E75-specific CTL-inducing ability 
of the E75-variants S5A and S5G 

To address whether modification of the E75 side chain by deletion 
or extension would increase or decrease the ability of the modified 
Ag to stimulate CTL induction and smrival, we tested several 
healthy donors known from previous studies to produce E75-spe- 
cifie CTL at priming ("sttong respondens", donors 1 and 2) or 
exhibit weak CTL activity after several repealed stimulations 
(weak responders, donor 3). PBMC were stimulated in parallel 
with autologous DCs pulsed with E75 variants. Donor 1 responded 
with higher levels of IFN-y at priming with variants S5K, S5G, 
and S5A, and lower levels of IFN-y at priming with control vari- 
ants F8Y and F8K than at priming with E75 (Fig. 2, A and B). CTL F2 
induced by priming with E75 recognized E75 better than did CTL 
induced by S5K, F8Y, or F8K, whereas CTL induced by S5G and 
S5A recognized E75 better than CTL induced by E75. S5A and 
S5G induced both higher levels of IFN-7 and higher cytolytic ac- 
tivity than did E75. Thus, removal of the OH group correlated with 
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FIGURE 1. A, Molecular model of the E75 peptidc bound lo the MHC. Tlie MHC-pcptide complex was modeled as described in Maurials and Methods, and 
rendered using the POV-Ray implementation of the Swiss PdbViewer. Residues within 6 A of Ser" are displayed with their van der Waals radii in red. Ser' is in 
yellow, while the other E75 peptide residues are in green. The model is pre.scnted rotated with an angle of 180" to facilitate distinction of the side diains pcnnting 
upwards. Top, mfi-2 domain; bonom,j^\ domain of HLA-A2. HLA-2 is depicted in blue. B, Similar view of the complex for the Ser' to Ala' model of the 
pcptide-MHC oAiiplex. C, The Ser' toSl/ model. D, The Ser to Lys' model. The same orientation is used as in all the molecules above. 

oJL^U^. I o^VwWo. 

higher IFN-7 induction and higher lytic activity against E75. CTL 
induced by S5K secreted higher levels of IFN-7, but their recog- 
nition of E75 was weaker. Thus, replacement of OH group with 
aminopropyl group had more selective effect than removal of the 
OH group. Extension of these results with cells from donor 2 re- 
vealed that all at the E75 variants induced higher levels of IFN-7 
at priming than did E75: S5K by 36%, S5A by 100%, and S5G by 
64% (Fig. 2Q. Significantly higher levels of IFN-7 were detected 
96 h after stimulation with each variant in respon.se to the highest 
dose (25 fig) of exogenously pulsed peptide in the presence of IL-2 
for 2 days. Significant differences in IFN-7 induction were not 
observed when E75 or its variants were used at! .0 or 5.0 jmg/ml at 
48 or 72 h. The E75-.specific lytic activity of CTL induced by S5A 
was significantly higher than the lytic activity of CTL induced by 
E75 (Fig. 2D). The increase in lytic activity by S5A paralleled the 
increase in IFN-yin response to S5A. Recognition of E75 by S5K- 
CTL was lower than the recognition by E75-CTL. CTL induced by 
the E75, S5K-CTL, and S5A-CTL all recognized the indicator 
SKOV3.A2 tumor. To determine whether E75-specific tumor-lytic 
CTLs were present in the variant-induced CTL, we performed 
cold-target inhibition of tumor lysis. Tumor lysis by S5K-CTL was 
inhibited less by T2-E75 than lysis by E75-CTL (Fig. 2E). This 
confirmation that S5A can induce both higher II=N-7 and higher 
lytic activity against E75 suggested that the OH group of Ser' 
hindered the TCR interaction with peptide-HLA-A2 and that re- 
moval of the OH group allowed a stronger TCR activation. How- 
ever, at restimulation, the number of cells stimulated by S5A and 
S5G dropped faster than the number of cells that had been stim- 
ulated by E75. Cells stimulated by S5K survived longer than E75- 
stimulated cells (Fig. 2F), suggesting that the stimulus from the 
(CH2)3-NH3 was more eflective than stimuli from the CH3 or the 
CH2-0H in maintaining the survival of responders. 

Stimulation with S5K enhanced survival of responding TcelLs 

Cancer patients are weak responders to E75 and require repeated 
stimulation for CTL induction. To clarify the differences between 
E75 and S5K in the induction of cytolysis, we tested T cells from 
donor 3 for whom several stimulations with E75 were required to 
induce detectable CTL activity, but responded with IFN-7 secre- 
tion at priming (16). S5K and E75 induced similar levels of IFN-7 
at priming and at restimulation (Fig. 3A). The kinetics of induction F3 
of E75-specific CTL in relation to the number of stimulations is 
shown in Fig. 3B. E75 again induced higher E75-specific lytic 
activity than did S5K. Like donor 2, E75-stlmulated cells from 
donor 3 declined in number after the third stimulation with Ag 
more than the S5K-stimulated cells (Fig. 3Q. These results 
showed that S5K induced better survival in responders than E75. 
These results were confirmed in subsequent stimulation experi- 
ments. In parallel experiments, priming with E75 induced lower 
levels of Bcl-2 in CDS"^ cells than did priming with S5K. There 
were only small differences in Fas ligand, Fa.s, and IL-2Ra ex- AQ: C 
pression between E75-stimulated and S5K-stimuIated donor 3 
CD8* cells (A. Castilleja jfcfll,, unpublished observations). AQ:D 

S5K-induced CTL recognized E75 with lower affinity than E75- 
induced CTL 

Weaker recognition of E75 by the S5K-CTL raised the question of 
whether S5K induced smaller numbers of CTL than E75, or 
whether the CTL induced by S5K had lower affinity for E75 than 
for S5K. To address the recognition of variant-induced CTL, we 
tested their ability to recognize E75 and the inducing variant in 
parallel. S5A-CTL (donor 1) recognized S5K weaker than S5A 
(24% decrease), suggesting that extension of the CH2 side chain in 
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position 5 with OH and (CH2)3-NH3 groups, respectively, hin- 
dered TCR recognition. Similarly, donor 3 S5K-CTL recognized 
E75 weaker than they recognized S5K (Fig. 44). To verify that 

. S5K is recognized with lower affinity than E75 by donor 3 E75- 
8 CTL, we performed concentration-dependent lysis. E75-CTL rec- 
I ognized S5K with lower affinity than E75. S5K recognition was 
>• close to recognition of E75 (32 vs 41%) only at high concentra- 

tions (50 Mg/ml; Fig. 4B). Similarly, S5K-CTL recognized E75 
with lower affinity than S5K (Fig. 4C). These results demonstrated 
that the OH and aminopropyl groups selectively modulated the 
affinity of recognition. To address whether E75-specific CTL were 

g present in smaller numbers in S5K-CTL, we tested recognition of 
1 E75 at the same concentration (10 ptg/ml) at four E:T ratios (10, 
I 20, 30, 40). Even at the highest E:T ratio of 40:1, S5K-CTL rec- 
P ognized E75 (25.4% lysis) to a significantly lesser extent than did 
" E75-CTL at an E:T ratio of 10:1 (48.2% lysis). 

8 
S S5K-CTL recognize endogenously presented E75 

^ Because S5K-CTL survived longer than E75-CTL, this raised the 
* possibility that S5K could be used to induce CTL-recognizing tu- 

mors. To determine whether S5K-CTL recognized en^ogsjojj^ 

FS 

AQ:E 

w i- 

g   g   g   S  S' ^ 

u*B|iua Burmnuiiis 

E75 in cytolysis assays, we performed coId-tai;get mfilbition of 
tumor lysis. T2-E75 inhibited lysis of freshly isolated ovarian tu- 
mor OVA-16 (HLA-A2"^, HER-2"'*'') by 21% in an 8-h CTL as- 
say, and by 45% in a 16-h assay (Fig. 5, A and,fi)jSimilar inhi- 
bition (38%) was observed against SKOV3.A2 in a 16-h assay ^^ Ctl/S JT" 

(data not showiO^These results indicated that S5K-CTL KC^^"^ ^^ /»*■ 
nized the pgringcnniifily prccpnti-ri p?*; aKl'ovarian tumorsxwer- '"5!*^-? 
expressing HER-2. The levels of inhibition of lysis indicative of 
specific recognition were similar to those levels observed with do- 
nor 2, E75-CTL, and S5K-CTL (Fig. 2£). We also tested S5K- 
CTL ability to secrete IFN-y at an encounter with the ovarian 
tumor SKOV3.A2 and its HLA-A2" counterpart SK0V3. This 
was necessary because the tumor and responding lymphocytes 
.shared HLA-A3. S5K cells secreted high levels of IFN-y within 
20 h, when IL-12 was used as costimulator (Fig. 5C). IFN-7 was 
induced even in the absence of IL-12, but at lower levels. mAb 
inhibition experiments indicated that IFN-7 .secretion was associ- 
ated with recognition of HLA-A2. (data not .shown). This indicated 
that present among the S5K-induced CTL was a subpopulation of 
cells that recognized endogenously presented E75 by cytolysis and 
IFN-y secretion. 

FIGURE 2. Induction of effector functions in donor 1 (A and B) and 
donor 2 (C-E) at priming with the wild-type CTL epitopc E75 and its 
variants. A and C, IFN-T; B, D, and E, Cytolysis. A and C, lFN--y was 
determined from supematants collected from the same cultures which were 
u.sed on day 8 for CTL assay.s. B, D, and £, Equal numbers of effectors 
from each culture were tested in the same experiment. Results indicate the 
percentage of E75-specific lysis obtained by subtracting the specific lysis 
of T2 ccll.s not pulsed with peptide, from the specific lysis of T2 cells 
pulsed with 25 fig/ml E75 in the same experiment. The E:T was 20:1. 
Stimulators were auiologous DCs pulsed with 25 p.g/ml peptide. NPs in- 
dicate control effectors that were stimulated only with autologous DCs 
which were not pulsed with peplide. E, Effectors E75-CTL, S5K-CTL, and 
S5A-CTL lysed the indicator ovarian tumor SKOV3.A2. Specific cold tar- 
get inhibition indicates the percentage of inhibition of lysis of SKOV3.2 
cells by cold (unlabcled) T2-E75 cells minus inhibition of lysis in the 
presence of T2-NP cells. S5G-CTL were not used in this experiment be- 
cause their numbers declined rapidly after restimulation. E:T ratio was 
30:1, cold:hot ratio was 10:1. f. Percentage of live cells in donor 2 cultures 
primed and restimulaied with each variant 30 days after priming. Note the 
decrease in live cells in cultures stimulated with S5A or S5G. *,p< 0.05. 
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FIGURE 3. A, Kinetics of IFN-7 production; B, E75-spccific CTL induction; and C, survival of donor 3 CTL stimulated by E75 and S5K. Experimental 
details as described in the text and the legend to die Rg. 2. A, IFN-7 was determined on day 3 after stimulaUon with each peptide. The numbers 1. 2, and 
3 indicate the number of stimulations. Equal numbers of live cells from E75- and S5K-stimulated cultures were stimulated with autologous DC pulsed with 
the corresponding peptide. C, The number of live cells recovered was determined I wk after the third and the fifth stimulations. 
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Antiapoptotic effects ofE75 in S5K-aclivated CDS* cells 

Induction of CTL by the variant S5K raised the question of 
whether such cells could survive an encounter with E75 since E75 
is present in vivo. /To address whether E75 can induce CD95- 
mediated apoptosisrE75-CTL and S5K-CTL were stimulated with 
E75 and S5K in parallel in the presence of the agonistic Ab CHI 1. 
Three days after stimulation with E75, 46% of the E75-CTL had 
undergone apoptosis, whereas only 15.4% of the S5K-CTL were 
apoptotic after stimulation with S5K (data not shown). In contrast, 

jyhen S5K-CTL were stimulated with S5K orE75, cells stimulated 
withTETS-survixeiJonger and may have increased in number as 
compared with the cells ^Jimulated with S5K. Stimulation of S5K- 
CTL with 25 or 50 ixg/xiS^lS for 4 days increased the number of 
CD8* cells by 26 and 64%, respectively. Stimulation of the same 
cells with jWff* jmLfasflincreased theirnumbers by 0.93-and 
27^7respsiBj»ei7T!Rgref Ami B), but no increase in cell number 

iserved In the absence of CHIJjNotably, S5K-CTL contin- 

ued to respond to S5K with higher levels of IFN--y, but lower 
levels of IL-2, than did cells treated with E75 (data not shown). 

To address whether E75 and S5K interfered with apoptosis path- 
ways, S5K-CTL were restimulated with E75 or S5K at two dif- 
ferent concentrations or remained unstimulated (Group 0, DC 
only) in the presence of CHU. Apoptosis analysis was performed 
at 24 and 96 h. Both E75 and S5K inhibited the residual Fas- 
apoptosis within 24 h and this inhibition was peptide concentra- 
tion-dependent (Fig. 6C). When apoptotic cells were counted on 

day 4, both peptides were protective, but E75 seemed to be more 
protective than S5K (Fig. 6C day 4)^j 

To confirm the antiapoptotic effects of E75 and S5K on S5K- 
CTL, we performed cell cycle analysis. Analysis of cells in the 
subG, phase (Fig. 6D) showed that 46% of the un.stimulated S5K 
cells became apoptotic. E75 and E75 -f- CHI 1 inhibited this apo- 
ptosis by 83%. S5K had a slightly lower inhibitory effect (63% 
inhibition). iS5K + CHI I reduced apoptosis by only 24% com- 
pared with unstimulated S5K-CTL confirming the results in Fig. 
6B. The percentage of cells in G, phase (resting) was similar in 
both stimulated and control unstimulated cells (50 ± 5%). The 
percentages of CD8* cells in S phase in culmres stimulated with 
E75 or S5K were also similar. Of interest, the proportion of cells 
in the S phase was higher in cultures stimulated by E75 + CHll 
than in cultures stimulated with S5K + CHll, suggesting that E75 
transmitted a stronger stimulatory signal for division of S5K-CTL 
than their original inducing Ag. The differences between cells in 
the G21M phase were small compared with the unstimulated cells, 
and they were not considered significant. These results agree with 
the higher proliferation of S5K-activated CDS* cells in response 
to E75 than to S5K (Fig. 6, A and B). 

Apoptosis resistance in stimulated T cells at day 4 is mainly due 
to the intrinsic pathway (29). Because resistance to Fas-induced 
apoptosis was suggestive of TCR-induced protection, we investi- 
gated the effects of E75 and S5K in up-regulation of Bcl-2, Bcl-x^, 
and Bad. Unstimulated and DC-NP-stimulated CDS* cells from 

80 
B:    E75-CTL C:   S5K-CTL 

0) 

20 

0 mM ^ " 
Targats NP S5AE7SS5K.NP E75S5K 

S5A-CTL SBK-CTL 

0 10        25        50 

E75/S5K (n g/ml) 

10' 

E75/SSK (|i g/ml) 

FIGURE 4. Ag specificity of SSA-CTU SSK-CTL, and E75-CTL. A, Donor 1 S5A-CTL recognized S5K less efficiently than S5A. Donor 3 S5K-CTL 
recognized E75 with lower affinity than S5K. T2 cells were pulsed with E75 and S5K at 10 ;ig/ml. B, Donor 3 E75-CTL recognized S5K with lower affinity Uian 
E75.''c, Donor 3 SSK-CTL recognized E75 with lower affinity than SSK-CTL. Concenlralion dependent recognition of E75 and S5K in the same experiment. 
Targets weic T2 cells pulsed with the indicated concentrations of peptide. B and C, Results of a 6-h CTL assay. E:T ratio was 10:1. •, p < 0.05. 
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FIGURE 5. S5K-CTL recognized endogenous E75 presented by ovarian tumor cells. A and B, Cold target inhibition of cylolysis of OVA-16 (HLA-A2, 
HER-2'''^''). Cold targets were T2 pulsed with E75, using as spccifieit)' control T2 which were not pulsed with peptide (T2-NP). Numbers in the parentheses 
indicate the percentage of inhibition of lysis of S5K-CTL by T2-E75 compared with lysis of tumor in the presence of T2-NP. *,p< 0.05. E:T ratio was 10:1; 
the ratio of cold to hot targets was 1:1. C, IFN-y induction. lL-12 was used at 3 lU (300 pg/ml); the tespondei? to SK0V3. A2 stimulator ratio was 40:1. 

S5K-CTL were used as negative controls, while S5K-CTL stimu- 
lated with the agonists A7.3 and F8-1 were used as positive con- 
trols; E75 induced a higher BC1-XL to Bad ratio than S5K. A7.3 and 
F8-1 variants induced even higher BC1-XL to Bad ratios than E75, 

F7 indicating that their effects were sequence-specitic (Fig. 7A)^ S5K 
was a slightly stronger up-regulator of Bcl-2 than E75. The inhib- 
itory effects of E75 and S5K on Bad up-regulation were similar, 
although E75 was a slightly stronger inhibitgriThese results indi- 
cate that E75-mediated protection from CD95-mediated apoptosis 
of S5K-CTL correlated with down-regulation of proapoptotic fam- 
ily membcrs.iThe increase in the level of expression of Bcl-2 was 
considered significant compared with the up-regulation of Bcl-2 
induced by a miiogen (PHA) in the same cells for 96Ji,.! This is 
evident when the Bcl-2 and BC1-XL to actin ratios are compared at 
stimulation with S5K and PHA vs the Bcl-2 and BC1-XL to actin 
latios in unstlmulaied cells (Fig. IB). For S5K stimulation, the 

ratios are 1.72 (Bcl-2) and 1.32 (Bcl-xJ, while for PHA stimula- 
tion the ratios are 1.55 (Bcl-2) and 4.37 (BC1-XL). The increa.se in 
the levels of Bcl-2 and BC1-XL at stimulation with PHA is compa- 
rable with the increase reported in other studies in the presence of 
a mitogen, but in the absence of IL-2. Increase in the Bcl-2 levels 
is in general observed if mitogen-activated T cells are given high 
doses of IL-2 (30, 31.)j Thus, activation and expansion of tumor- 
reactive CTL by the variant S5K allowed better survival of these 
CTL in response to the wild-type tumor AjJ 

To address whether E75 and S5K .stimulation affected expan- 
sion, TCR expression, and Bcl-2 expression in E75*TCR cells, 
S5K-CTL were stimulated with T2 cells pulsed with either E75 or 
S5K or not pulsed with peptide (T2-NP). TTie number of 
E75*TCR cells was determined. One week later, to determine 
whether the affinity of the TCR for E75 was affected by the stimula- 
tion, we assessed expression of E75*TCR cells both immediately 

S5K- CTL stimulated with: 

0 S 2S 
Ptptide ((1 g/ml) 

0 B 25 
Peptide (|i g/ml) 

2    60 
V 
U 
+ 
o 
u 
# 

FIGURE 6. Expansion of CDS* cells from S5K-CTL after stimulation with E75 (A) or S5K (B) in the absence (O) or presence (•) of CHI 1 itiAb. Equal 
numbeni of S5K-CTL were stimulated with DCs pulsed with 0, 25, and 50 /iig/ml of each peptide. The number of CDS* cells was determined by 
flow-cylometry using anti-CD8 mAb-FlTC conjugated. C, Ag-induced resistance to CD95-medialed apoptosis. S5K-CTL were stimulated with autologous 
DCs pulsed with E75 or S5K at 5 and 25 i>.%lm\ or control no peptide (0). CHll mAb was added 1 h later. The number of apoptotic cells was determined 
1 and 4 days later. D. Restimulation with E75 and S5K-induced resistance to CD95-mediated apoptosis in S5K-CTL stimulated 1 wk before wiUi S5K. 
Apoptotic cells are shown in the panel subGl. Results are from one experiment representative of three independently performed experiments. Bars indicate 
unstjmulated (■) E75 stimulated (E), E75 -I- anti-Fas stimulated (H), S5K-stimulated (^, and S5K* anti-Fas stimulated (D). 

/ / 
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FIGURE 7. i4. Expression levels of Bel-family members by S5K-CTL stimulated with the indicated pcptides; or B, with PHA for 96 h. The same blot 
was used for probing with all Abs. 1 indicates unstimulated; 2 indicates PHA-stimulaled cells. The numbers below the bands indicate the dcnsitometric 
values (pixel total X 10"') C and D, Expansion of E75*TCR cells in S5K-CTL stimulated in parallel with T2-E75 (E75), T2-S5K (S5K), or with T2-NP 
(NP) as control for i wk. The presence of E75*TCR cells was determined using dE75 O'-axis). Forward scatter (FW) is shown on jr-axis. C, E75'*TCR 
cells expression in large lymphocytes (FW: 640-1000); D, E75*TCR expression on small lymphocytes (FW: 380-600). The percentage of dNP* cells 
ranged from 0.1-0.5% in both populations. 

after staining and after an additional SO-min incubation of dE75- 
Fs stained cells in PBS (Fig. 7, C and D, and Fig. M). For further re- 

finement, E75"^TCR expression and Bcl-2 expression were analyzed 
separately in two gated peculations of smaller size (FW scatter: 380- 
600) and of larger size (FW scatter: 640-](X)0). In the small lympho- 
cytes (Fig. 70. the percentages of E75"^TCR cells were similar in all 
three stimulation groups and the E75 and SSK-stimulated S5K-CTL 
appeared to have similar affinities for dE75, which were stable >50 
min. In contrast, in the larger lymphocytes, the percentage of 
E75"^TCR cells was higher in the E75-stimulaied than in SSK-stim- 
ulated S5K cells (Fig. ID). The affinity for E75 al.so seemed to be 
higher in the E75-.stiraulated group than in the SSK-stimulated group 
(Fig. 8J4). Because E75-stimulated cells proliferated better than S5K- 
.stimulated cells, we calculated the number of E75*-TCR cells in each 
.stimulated culture. The number of E75"^-TCR cells in both small and 
large lymphocytes stimulated by E75 was higher than in the SSK- 
stimulated SSK-CTL (Fig. 8B). The percentage increase was similar 
to the increase observed in CDS* cells (Fig. 6, A and B). TTiis finding 
confirmed that SSK-induced CTL expanded better when re.stimulaled 
with E7S than when restimulated with SSK. The levels of E75*TCR 
and BcI-2 in the E7S-stimulated SSK-CTL in the large lymphocytes 
were also higher than in the SSK-stimulated SSK-CTL (Fig. 8, C and 
D). This suggested that stimulation of SSK-CTL with E7S resulted in 

changes in receptor distribution or conformation that increased the 
binding of dE7S as suggested by Braciale and Spencer (32). These 
effects were not observed in the small E7S*TCR lymphocytes. Bcl-2 
levels were higher in the small lymphocytes after stimulation with 
SSK compared with E75. E7S-stimulated SSK-CTL recognized E7S 
both as peptide and when endogenously presented by tumor (data not 
shown). Together these results indicate that priming CDS* cells with 
agonists for induction of cytoly.sis that are weaker than the nominal 
wild-type Ag followed by rcstimulation with the wild-type Ag can 
bypass induction of apoptosis either by the wild-type Ag (at priming) 
or by the weak agonist (at rcstimulation). This effect leads to increased 
survival and expansion of antimmor effectors. 

Discussion 
In this paper, we investigated the possibility of using molecular 
models of peptide:HLA-A2 complexes to select side chains that 
can induce CTL responses in T cells recognizing the HER-2 CTL 
epitope E7S. The E7S-HLA-A2 model identified several residues, 
Lys', Ser', Phe", that point upwards and may contact the TCR. We 
found that Ser' variants affected activation of T cell effector func- 
tions and produced differential levels of effector activity in CTL 
against the wild-type peptide E75. Modifications that removed the 
OH group led to variants that induced higher levels of IFN-7 at 
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FIGURE 8. Stimulation of S5K-CTL with E75 significantly increased the number of E75"^TCR cells. A, Percentage of E75*TCR cells in the large (^) 
and sinall (B) lymphocytes was determined immediately after staining and 50 min after washing and incubation of cells in PBS to dissociate low-affinity 
(r,i2 < 50 min) TCR-dE75 complexes. Most small lymphocytes recognized E75 with t,^ of >50 min, while -50% of large lymphocytes had a /,„ of 50 
mill for E75. B, Increase in the numbers of E75"'TCR cells of S5K-CTL after stimulation with E75 and SSK large P) and small (B) lymphocytes. The 
numbers of live cells recovered after stimulation with T2-NP, T2-E75, and T2-S5K, and expansion in IL-2 were 2.7. 3.2, and 2.9 X lO' cells, respectively. 
C, Increased levels of expression of E75'^TCR in large lymphocytes stimulated with E75 compared with S5K. The differences in MCF in small lymphocytes 
were minimal: 202 for E75, 180 for SSK. D, Increased levels of expression of Bcl-2 in E7S*TCR large lymphocytes but not in small lymphocytes at 
stimulation with E75 or SSK. All determinations were performed in the same experiment. Results are from one determination representative of two with 
.similar results. 
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priming. In addition, CTL primed by the variant S5A recognized 
E75 better in lytic assays than did CTL induced by E75. In con- 
trast, modification of E75 by extending its side chain with an amin- 
opropyj group lead to the SSK variant, which induced IFN-7 in 
two strong responders to E75 but was not a better inducer of E75- 
CTL-specific activity. In a third donor, weak responder to E75, the 
potency of E75 and SSK to induce IFN-7 was similar at priming 
and reslimulation. S5K-CTL recognized E75 with lower aflinity 
than E75-CTL. Only at high concentrations of E75, its recognition 
by E75-CTL and S5K-CTL was similar. Sequential .stimulations 
SSA^SSA, S5G-*S5G, and E75-»E75 led to death rather than to 
CTL expansion. 

A possible explanation for these eflects may be provided if the 
effects of water (HjO) molecules are considered. The OH group of 
the Ser* can form H-bonds with residues in TCR. Intercalation of 
water molecules and formation of H-bonds with the OH group of 
Ser may decrease the affinity of binding to the TCR, while elim- 
ination of OH group may increase the number of hydrophobic 
interactions.. Because the sequence of the TCR and cry.stal struc- 
tures of TCR-E7S-HLA-A2 complexes are not yet available, we 
could not define the role of water molecules in the stimulation^ 
Thus, deletion of the OH and CH2-OH (hydroxymethyl) groups 
induced death by overstimulation. Repeated stimulations with SSK 
minimized SSK-CTL losses due to apoptosis compared with stim- 
ulations with S5A, SSG, and E75. ETS and SSK were similar in 
their ability to induce IFN-7. The signal from SSK was weaker 
than the signal from ETS in that SSK induced significantly lower 
levels of IL-2 in the SSK-CTL than did ETS (A. Castilleja Mj. 
unpublished observations^ c***-^  C C^ . Icr* *" 

Once SSK-CTL were e.stabli.shed and were protected from ap- 
optosis by reslimulation with SSK, signals from the wild-type ETS, 
or variants with Ala' side chain extended with 3CH2 groups, or 
Phe" with side chain shortened with 1CH2 group, induced even 
higherBcl-XiiBad ratios. In SSK-CTL. ETS alsoincrea.sed the lev- 
els of TCR expression and Bcl-2 expression more than SSK. Con- 
sidering that SSK was recognized with lower aflinity than ETS by 
ETS-induced CTL, it is possible that SSK is a weak CTL activator 
similar to homeostatic inducers (33, 34). A possible explanation 
for the low affinity of SSK-CTL for ETS is that the stimulus is not 
sufliciently strong to bring TCR together in the appropriate con- 
formation for wild-type Ag recognition. This may have the advan- 

tage of extending the life of such CTL. Further studies with distinct 
agonists should address this question. 

One important consideration now emerging from lymphocyte 
activation studies is that the CTL response to an Ag first expands 
and then contracts to bring down the number of activated effectors 
(3S, 36). Reduction in the number of activated CTL is initiated by 
Ag and manifests by induction of apoptosis at restimulation a phe- 
nomenon that is amplified by IL-2 (37). The development of ag- 
onistic variants that more strongly activate antitumor eflector CTL 
is a necessary requirement for immunotherapy. Such CTL may be 
useful if they can mediate immediate effects, i.e., tumor ei:adication 
upon activation. Repeated stimulations/vaccinations with strong 
agonistic variants may lead to depletion of highly activated effec- 
tors (38, 39). This raises concerns regarding the use of agonistic 
variants that are stronger than the nominal Ag in cancer vaccina- 
tion for induction of central and peripheral memory CTL, because 
the life span of T cells activated by agonistic variants may be 
limited. An additional consideration emerging from activation 
studies is that agonist-induced effectors should survive and main- 
tain their lytic function at encounter with the wild-type tumor Ag. 
We noted that CTL induced by wild-type ETS showed poor via- 
bility after two to three rounds of stimulation. This pattern of re- 
sponse is in agreement with the general pattern of responses to 
activation by self-specific T cells to avoid induction of autoimmu- 
nity (40). 

Activation of antitumor effector CTL by weak agonists followed 
by wild-type Ag is a novel approach to promote their expansion 

. and functional competence that has not been described before in 
'"^human tumor systems. Similarly, protection from apoptosis and 

expansion of these cells by the .self-peptide tumor Ag is also a 
novel finding for tumor systems. Such effectors may be useful for 
controlling the growth of tumors that express high levels of tumor 
Ag (e.g., HER-2). In addition, low-level activation of effector 
functions by weak agonists that can also induce homeostatic pro- 
liferation may be useful for immunotherapy after chemotherapy or 
radiation treatments, both of which are known to reduce leukocyte 
counts. This possibility is supported by studies with experimental 
models showing that activated low-avidity CTL that are specific 
for a self Ag can induce tumor rejection (40), and that stimulation 
of low-aflinity clones can break tolerance to T cell epitopes (41, 
42). Eariier studies demon.strated that differential TCR signaling 
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can regulate functional activation and apoplosis in T cells (43). 
High-strength TCR-Ag interactions lead to activation-induced cell 

AQ: H death, while low-strength TCR-Ag interactions can promote death 
by neglect However, depending on the nature of TCR-Ag inter- 
actions, a range of cellular responses can be induced to avoid cell 
death (44). Recent manipulations of such respoases have involved 
the use of "null ligands" to attenuate the signaling by strong ago- 
nists for high-affinity CTL activation (45), the use of stronger ago- 
nists to improve theproliferative capacity of low-avidity CTL (46), 
and the u.se of molecular modeling to direct repairs in weak/partial 
agonists (10). 

Priming a CTL response to an immunodominant epitope simul- 
taneously results in priming to variants of the peptide sequence 
that the individual has not encountered (47,48). Our previous smd- 
ies demonsn-ated that ovarian and breast tumor-associated lympho- 
cyte, which recognized E75, also recognized better variants S5A 
and S5G (49). This suggested that CTLs that recognized these 
variants were present in patients. The possible contribution of such 
clones to the immune response again.st tumor is still unknown (50- 
52). Our results show that CTL survival and effector function can 
be enhanced by sequential stimulation with Ag variants followed 
by wild-type Ag. This strategy allows the response to be followed 
or .shifted to clones that may be endowed with better survival ca- 
pacity and can diD'erenuate to peripheral memory cells, or clones 
with better effector function as needed. Because S5A and S5G are 
.stronger agonists than S5K, while F8Y and F8K appear to be 
weaker agonists than S5K, it will be important to determine how 
exposure to these variants can maintain the focus of the CTL re- 
.sponse to the wild-type tumor Ag, and which vaccination strategy 
is more effective in maintaining a respon.se against tumors in pa- 
tients with persistent disease. Ongoing studies in our laboratory 
aim to address the effects of sequential stimulation with homeosta- 
sis inducers, .strong agonists, and weak agonists in developing an 
antitumor response. 

Acknowledgments 
Wc thank Dr. Martin Campbell for HLPC analysis of pcptides, and Dr. 

Christine Wogan for editing this paper. We thank the volunteers who en- 

thusiastically donated blood for these studies. 

References 
1. Abnuns. S. t, and J. Schlom. 3000. Rational antigen modification a.s a strategy to 

up-regulale or down-rcgulate antigen recognition. Curr. Opin. bnmunoi 12:H5. 
2. Bownd.s. S., P. Tong-On, S. A. Rosenberg, and M. ParJchurst. 2001. Induction of 

tumor-reactive cylotoxic T-iymphocylcs using a peptide from NY-ESO-I mod- 
ilied at the cartK)xy-lcrminus to enhance HLA-A2.1 binding afliniiy and stability 
in solution. J. Imnmnolher, 24:1. 

3. Overwijli, W. W., A. Tsung, K. R. Irvine, M. R. Parkhursl.T. J. Golctz, K. Tsung, 
M. W. Carroll. C. Liu, B. Moss, S. A. Rosenberg, and N. P. Rcslifo. 1998. 
gpIOO/pmcl 17 is a murine tumor rejection antigen; induction of "scir'-teaclivc. 
tumoricidal T cells using high-afliniiy, altered peptide ligand. J. Exj>. Med. tSU: 
277. 

A. Valmori, D., F. Levy. 1. Miconnel, P. Zajac. G. C. Spagnoli, D. Riraoldi, 
D. Lienard. V. Ccnindolo, J. C. Ceroiiini, and P. Romero. 2000. Induction of 
poicnl aniilumor CTL responses by rccombinani vaccinia encoding a Melan-A 
peptide analogue. J./fn/7tHmV. 164:1125. 

5. Kuhns, J. J.. M. A. Baialia. Y. Shuqin. and E. J. Collins. 1999. Poor binding of 
a HER-2/ncu epitope (GP2) to HLA-A2.I is due to a lack of interaction with the 
center of the peptide. J. Biot. Chem. 274:36422. 

6. Serody, J. S., E. J. Collins, R. M. Tisch. J. J. Kuhns, and J. A. Frclinger. 2000. 
T cell activity after dendritic cell vaccination is dependent on both the type of 
antigen and the mode of delivery. / Immunol. 164:4961. 

7. Rsfc, B., B. Chcsak, M. S. Pollack, J. T. Wharton, and C. G. loannidcs. 1994. 
Oligopeptide induction of a cytoloxic T lymphocyte response to HER-2 neu 
pmio-oncogene in vitro. Cell. Immunol. 157:415. 

8. Salazar. E., S. Zarcmba, P. M. Arlen, K. Y. Tsang, and ]. Schlom. 2000. Agonist 
peptide from a cytoloxic T-lymphocyte epitope of human carcinocmbryonic an- 
tigen stimulates pnxluclion of TCI-lype cytokines and increases tyrosinc phos- 
phorylalion more cfficicnily than cognaie peptide. Inf. J. Cancer S5:829. 

9. Rivoliini, L., P. Squarcina, D. 3. Loftus, C. Castellli, P. Tatxini, A. Mazzocchi. 
F. Rini, V. Viggiano, F. Belli, and G. Parmiani. 1999. A superagonist variant of 
peptide MARTI/Melan A27-3.') cliciLs anti-melanoma CDS* T cells wifli en- 

hanced functional characu;rislics: implication for more effective immunothcrapy. 
Cancer /!«. 59:301. 

10. Dcgano, M., K. C. Garcia, V. Aposiolopoulos, M. G. Rudolph, L. Teyton, and 
I. A. Wilson. 2000. A functional hot spot for antigen recognition in a superagonist 
TCR/HMC complex. Immunity 12:251. 

11. Saiio, N. C., H. C. Chang, and Y. Paterson. 1999. Recognition of an MHC cla.vs-1 
rc.slrictcd anligenic peptide can be modulated by para-substitulion of its buried 
tyrosinc residues in a TCR-specific manner. J. Immunol. 162:5998. 

12. Tourdot, S., A. Scardino, B. Saloustrou, D. A. Otossi, S. Pascolo, P. Cordopatis, 
F. A. Lemonnier, and K. Kosmatopoulos. 2000. A general strategy to enhance 
immunogenicity of low-aHimty HLA-A2.1 -associated pcptides: implication in the 
identification of cryptic tumor cpitopcs. Eur. J. Immunol. 30:3411. 

13. Madden. D. R, D. N. Garboczi, and D. C. Wiley. 1993. The antigcnic identity of 
peptidc-MHC complexes: a comparison of die confoimalions of five vital pep- 
tides presented by HLA-A2. Cell 75:693. 

14. Garboczi, D. N., P. Ghosh, V. Va, Q. R. Fan, W. E. Biddison, and D. C. Wiley. 
1996. Structure of die complex between human T-ccIl receptor, viral peptide and 
HLA-A2. Nature 384:134. 

15. Lee, T. V., B. W. Anderson, G. E. Peoples. A. Ca.stilleja. ]. L. Murray. 
D. M. Gcrshcnson, and C. G. loannidcs. 2000. Identification of activated tumor- 
Ag-reactive CDS"* cells in healthy individuals. Oncol. Rep. 7:455. 

16. Anderson, B. W., G. E. Peoples, J. L. Murray, M. A. Cillogly, D. M. Gcrshcnson. 
and C. G. Ia:innides. 2000. Peptide priming of cylolytic activity to HER-2 epitope 
(369-377) in healthy individuals. Clin. Cancer Res. 6:4192. 

17. Fi.sk, B.. T. L. Blevin,?, J. T. Wharton, and C. G. loannidcs. 1995. Identification 
of an immunodominant peptide of UER*2/ncu pnuo-tmcogene recognized by 
ovarian tumor specific CTL lines. / Exp. Med. 181:2109. 

18. Saper. M. A., P. ]. Bjorkman, and D. C. Wiley. 1999. Refined sUiicture of the 
human hisioeompatibility antigen HLA-A2 at 26 A resolution. J. Mol. Binl. 219: 
377. 

19. Berman. H. M.. J. Westbixwk. Z. Feng. G. Gillian, T. N. Bhat, H. Weissig. 
I. N. Shindyalov, and P. E. Bourne. 2000. The protein data bank. Nucleic Acid.\ 
Res. 28:235. 

20. Pciisch. M. C, M. R. Wilkin.s, L. Tonella. J. C. Sanchez, R. D. Appel. and 
D. F. Hochslrasser. 1997. Ijirgc-scale protein modeling and integration wiUi the 
SWISS-PROT and SWISS-21 the example o{ Eicherichia coll Beclrophoresis 
18:498. 

21. Hausman. S., W. E. Biddison, K. J. Smidi, D. Yuan-Hua, D. N. Garhoczi, 
U. Ursula. D. C. Wiley, and W. Kai. 1999. Peptide recognition by two HLA- 
A2/tax, |_n,-specific T cell clones in relationship to their MHOpcptide/TCR crys- 
tal structures. J. Immunol. 162:5389. 

22. KnuLson. K. L., K. Schiffman. and M. L. Disis. 2001. Immunization with a HER- 
2/ncu helper pcpdde vaccine generates HER-2/neu CDS T-ccIl immunity in can- 
cer patients. J. Clin. Invest. 107:477. 

23. DiSomma. M. M.. F. Somma. M. S. C. Saveria. R. Mangiacaslc. E. Cundari. and 
E. Piccolclla. 1999. TCR engagement regulates differential responsiveness of 
human memory T cells to FAS (CD95)-mediaual apopto.sis J. Immunol. 162: 
3851. 

24. Ward. N. E.. J. R. Stewart, C. G. loannidcs. and C. A. O'Brian. 2000. Oxidant- 
induced S-gluiathiolation inactivates protein kjiase C-a (PKC-)—a potential 
mechanism of PKC Lsozymc regulation. Biochemistry 39:10319. 

25. Ding. Y. H.. B. M. Baker, D. N. Garboczi, W. E. Biddison. and D. C. Wiley. 
1999. Four A6-TCR/pepiide/HLA-A2 structures that gencrau; very different T 
cell signals arc nearly identical. Immunity 11:45. 

26. Baker. B. M.. S. J. Gagnon. W. E. Biddison. and D. C. Wiley. 2000. Conversion 
of a T cell antagonist into an agonist by repairing a defect in the TCR/pcptide/ 
MHC inlcrfacc: implicatioas for TCR signaling. Immimiiy 13:475. 

27. Parker, K. C, M. A. Bednarek. and I. E. Coligan. 1994. Scheme for ranking 
potential HLA-A2 binding peptides based on independent binding of invidividual 
peptide sidc-chain.s. J. Itnmimol. 153:163. 

28. Rammcnsec. H.-C., J. Bachmann. N. N. Emmerich. O. B. Bachor, and 
S. Slevanovic. 1999. S YFPEITHI: dalabasc for MHC ligands and peptide motifs. 
Intmunogenetics 50:213. 

29. Kirchhoff. S.. W. W. Mullcr. W. Knieger, I. Schmitz. and P. H. Krammcr. 2000. 
TCR-mediatcd up-regulalion of c-FLIPtfHOHT correlates with resistance toward 
CD95-mediaied apoptosis by hhKking death-inducing signahng complex activ- 
ity. J. Immunol. 165:6293. 

.30. Mueller, D. L.. S. Scitfert, W. Fang, and T. W. Behren. 1996. Differential reg- 
ulation of bd-2 and bcl-x by CD3. CD28. and the lL-2 receptor in cloned CD4* 
helper T cells: a model for long-term survival of memory cells. J. Immunol. 
156:1764. 

31. Broome. H. E.. C. M. Dargan. S. Krajewski. and J. C. Reed. 1995. Expression of 
Bcl-2, Bcl-x. and Bax after T cell activation and IL-2 wididrawal. J. Immimol. 
155:2311. 

32. Spencer. J. V., and T. J. Braciale. 2000. Incomplete CDS* T lymphocyte 2000: 
differentiation as a mechani.sm for subdominanl cytoloxic T lymphocyte re- 
sponses to a viral antigen. J. Exp, Med. 191:1687. 

33. Goldrath, A., and M. J. Bcvan. 1999. 1-ow affmity ligands for the TCR drive 
proliferation of mature CDS* T cells in lymphopenic hosts. Immunity 11:183. 

34. Goldrath, A. W., L. Y. Bogatzki, and M. J. Bcvan. 2000. Naive T cells transiently 
acquire a memory-like phenolypc during homeostasis-drivcn proliferation. 
J. Exp. Med 192:557. 

35. Whiimire, J. K., and R. Ahmed. 2000. Costimulation in antiviral immunity: dif- 
ferential requirements for CIM* and CDS* T cell responses. Curr. Opin. Im- 
munol. 12:448. 



balt6/im-jimm/im-iinini/im1902/im4638-02a   smittil   S=5   8/16/02   12:53   Art: 4638   lnput-sms(v) 

The Journal of Immunology 11 

36. Zheng, L., C. L. Tragescr. D. M. Willcrford, and M. J. Lcnardo. 1998. T cells 
growlh cyiokincs cause Ihc supcrlnduclion of molecules rocdlaiing antigen-in- 
duced T lymphocyte death. ]. Immunol. 160:763. 

37. Andenon. S. M., C. G. Radu, P. A. Lowa-y, E. S. Ward, and D. C. Wraith. 2001. 
Negative selection during the peripheral immune response to antigen. J. Exp. 
Med. 193:1. 

38. Combadieic, B., E. Rcis, C. Sou.sa, C. Trageser, L.-X, Zheng, C. R. Kim, and 
M. J. Lenardo. 1998. Differential TCR signaling regulates apoptosis and immu- 
nopathology during antigen responses in vivo. Immunity 9:305. 

39. Nugent, C. T.. D. J. Morgan. J. A. Biggs. A. Ko, I. M. Pilip. E. G. Pamcr, and 
L. A. Shcnnan. 2000. Characterization of CD8* T lymphocytes that persist after 
peripheral tolerance to a self antigen cxpre.ssed in the pancreas. J. Inwtunol. 
164:191. 

40. Morgan. D. J.. H. T. Krcuwel, S. Fleck. H. J. Lcvilsky. D. M. Pardoll, and 
L. A. Sherman. 1998. Activation of low avidity CTL specific for a self epitopc 
results in tumor rejection but not autoimmunity. }. Immunol. 160:643. 

41. Zugcl, U., R. Wang, G. Shih, A. Sctte, J. Alexander, and H. M. Grey. 1998. 
Tcnnination of peripheral tolerance to a T cell epitopc by helcroclitic antigen 
analogues. J. Immunol. 161:1705. 

42. Wang. R., Y. Wanz-Zhu, C. R. Gabaglia, K. Kimachi, and H. M. Grey. 1999. The 
stimulation of low-aBinity, nomolerized clones by hetcrocHiic antigen analogues 
causes the breaking of tolerance csublished to an immunodominant T cell 
cpitope. J. Exp. Med. 190:983. 

43. Germain, R. M., and I. Stcfanova, 1999. The dynamics of T cell receptor sig- 
naling: complex orehestration and the key roles of tempo and cooperation. Annu. 
Rev. Immunol. 17:467. 

44. Sandberg, J. K., L. Frantsson, J. Sundback, ]. Michacls.son, M. Petcrsson, 
A. Achour, R. P. Wallin, N. E. Sherman. T. Bergman. H. Jomvall, et al. 2000. T 
cell tolerance based on avidity thresholds rather than complete deletion allows 
maintenance of maximal repertoire diversity. J. Immunol 165:25. 

45. Michelettic, F., S. Veituani, M. Marasioni, L. Tosi, S. Volinia, S. Traniello. and 
R. Gavioli. 2000. Supni-agonisi pcptides enhance the reactivation of mcmoiy 
CTL responses. J. Inmiunol. 165:4264. 

46. de Visser, K. E., T. A. Cordaro, H. W. H. 0. Kcsscls. F. H. Tirion, 
T. N. M. Schumacher, and A. M. Kruisbeek. 2001. Low-avidity self-specific T 
cells display a pronounced expansion defect that can be ovcreome by altered 
peptidc ligands. 1. Immunol. 167:3818. 

47. Charini. W. A., M. J. Kuroda. J. E. Schmit-S, K. R. Beaudry, W. Lin, M. A. Lifton, 
G. R. Krivulka. A. Nccker. and N. L. Lctwin. 2001. Clonally diverse CTL re- 
spon.sc to a dominant viral cpitope recognizes potential cpitope variants. J. Im- 
mimoi 167:4996. 
Haanen, J. B.. M. C. Walkcis, A. M. Kruisbeek, and T. N. Schumacher. 1999. 
Selective expansion of cross-reactive CDS'*^ memory cells by viral variants. 
/ Exp. Med. 190:1319. 
Fisk, B., C. Savaiy, J. M. Hudson, C. A. O'Brian, J. L. Murray, J. T. Wharton, 
and C. G. loannides. 1993. Changes in an HER-2 pcptide up-regulating HLA-A2 
expression affect both conformalional epitopes and CTL recognition: implica- 
tions for optimization of Ag presentation and tumor-specific CTL induction. 
J. Immimorher. 18:197. 
Dudley, M. E., M. I. Nishimura, A. K. Holt, and S. A. Rosenberg. 1999. Anti- 
tumor imrounizatiun with a minimal pcptide cpitope (G9-209-2M) leads lo a 
functionally heterogeneous CTL response. J. Imnunotlier. 22:288. 
Clay, T. M., M. C. Cnster, M. D. McKee, M. Parkhurst, P. F. Robbins, 
K. Keisiann, J. Wundcrlich. S. A. Rosenberg, and M. \. Nishimura. 1999. 
Changes in the fine specificity of gpl00(209-217)-reactive T cells in padcnts 
following vaccination with a pcptide modified at an HLA-A21 anchor residue. 
/ Immunol. 162:1749. 
Dudley, M. E., L. T. Ngo, J. Westwood, J. R. Wundcrlich, and S. A. Rosenberg. 
2000. T-cell clones from melanoma patients immunized against an anchor-mod- 
ified gplOO peptidc display discordant etfcctor phenotypcs. Cancer J, 6:69. 

48, 

49. 

50. 

51 

52, 


